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Abstract 
Lattice structure based morphologically matched scaffolds is rapidly growing 
facilitated by developments in Additive Manufacturing. These porous structures are 
particularly promising due to their potential in reducing stress shielding and 
maladapted stress concentration. Accordingly, this study presents Extra Low 
Interstitial (ELI) Titanium alloy based morphological scaffolds featuring three 
different porous architecture. All scaffolds were additively manufactured using 
Selective Laser Melting from Ti-6Al-4V ELI with porosities of 73.85, 60.53 and 
55.26% with the global geometry dictated through X-Ray Computed Tomography. 
The elastic and plastic performance of both the scaffold prototypes and the bone 
section being replaced were evaluated through uniaxial compression testing. 
Comparing the data, the suitability of the Maxwell criterion in evaluating the 
stiffness behaviour of fully porous morphological scaffolds are carried out. The 
outcomes show that the best performing scaffolds presented in this study have high 
strength (169 MPa) and low stiffness (5.09 GPa) suitable to minimise stress 
shielding. The matching morphology in addition to high porosity allow adequate 
space for flow circulation and has the potential to reduce maladapted stress 
concentration. Finally, the Electron Diffraction X-ray analysis revealed a small 
difference in the composition of aluminium between the particle and the bonding 
material at the scaffold surface. 
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Low Interstitial, Additive Manufacturing; Mechanical Performance. 
                                                            
* Corresponding author. Address: School of Engineering, Faculty of Science and 
Engineering, University of Wolverhampton, Telford Campus, Shifnal Road, Priorslee, 
Telford, TF2 9NT, UK. Tel.: +44 (0)1902 321573; fax: +44 (0)1902 323843. 
E-mail address: k.bari@wlv.ac.uk (Klaudio Bari). 
Page 2 of 26 
 
1. Introduction 
One of the areas where Additive Manufacturing (AM) is gaining momentum is in the field of 
biomedical applications, primarily in orthopaedic scaffolds and scaffolds [1–3]. Accordingly, this 
study centres on the development of porous morphological scaffolds using Selective Laser Melting 
(SLM) [4,5]. Traditionally manufactured bone scaffolds using casting and forging techniques 
cannot achieve the levels of customisation as possible through AM [6]. Exploiting this capability, 
this work attempts to morphologically mirror a tibial section while incorporating a fully porous 
lattice-based design. 
In the previous work [7,8], a sheathed scaffold was proposed which on clinical trial incurred a 
higher risk of infection due to the sheathed architecture; the non-porous designs had the 
likelihood of being filled with avascular fluid resulting in poor blood supply weakening the 
immune system. Accordingly, this is the first work that attempts to mimic the bone geometry 
in addition to stiffness-matching without interrupting the natural loading pattern through the 
use of porous lattice structures. Furthermore, the possibility of trabecular struts [9,10] in a 
porous topologically optimised scaffold to fail locally in a single strut or the whole structure due 
to natural stiffness grading is also analysed. 
The work also draws a distinction between imposing a topological optimisation [11] and uniform 
pore geometry to ensure best fit to their recipients [12]. This is done through direct data input 
from X-Ray micro-computed tomography (µCT) to create a bespoke digital biomodel [13,14]. 
Beyond efficiency, the proposed morphologically matched porous methodology drastically 
minimises material mass at the same time preserving the bones natural loading pattern in 
comparison to traditional scaffolds [15]. 
The scaffold presented considers all the qualifying attributes as suggested by Hutmacher et al. 
[16,17] such as ‘biocompatibility’, ‘mechanical performance comparable to host bone’, ‘porosity 
suitable for ingrowth’, ‘blood supply, waste transportation and attractive surface morphology 
for cell attachment and proliferation’. The biocompatibility aspect mainly depends on the 
materials used and the fabrication process associated. Consequently, the Extra Low Interstitial 
Titanium alloy (Ti-6Al-4V ELI) used in this study is known to have excellent biocompatibility 
[18,19]. Nevertheless, structures based on Ti alloys are notch sensitive, which demands greater 
care at the design stage of complex structures to prevent to crack initiation and propagation 
[20]. 
Traditional Ti orthopaedic scaffolds have received significant criticism in relation to its higher 
elastic stiffness (E) in comparison to the cortical bone spectrum of 3 to 30 GPa [21,22] resulting 
in stress shielding. Even though research efforts [23–28] have focused on the lattice-based 
reduction of the elastic stiffness of Ti scaffolds, published literature mimicking the mechanical 
characteristics of the host section without altering the loading pattern are scarce. Dissimilar 
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mechanical properties between the scaffold and bone lead to many undesirable effects. One such 
phenomenon is the maladapted stress concentration due to the differences in elastic modulus or 
stiffness, leading to bone resorption loosening the scaffold [29,30]. A solution to this is to mimic 
the loading pattern of the segmented bone in addition to using fully porous structures, which 
have mechanical properties closer to or slightly lower than the bone being replaced. 
Another reason to use porous structure is to mimic the structure of native bone is to promote 
bone ingrowth into the scaffold, which is non-existent when it comes to solid scaffolds [31,32]. 
Furthermore, the surface roughness of scaffolds also play a key role in bone adhesion; a rough 
surface is often preferred over smooth in this regard [33,34]. Accordingly, AM offers advantages 
in developing geometrically accurate porous structures that can mimic specific bone geometry 
which is systematically exploited in this research. 
Cellular materials apply the same structural principles of large-scale structures to the mesoscale, 
creating materials with tailored properties [35–38]. As the density of the lattice material 
decreases so do its other properties to a certain extent proportionally and then disproportionally. 
Nevertheless, specific strength and stiffness cannot be increased from that of the base material. 
In applications where low weight is required but a certain volume or surface is required to be 
filled, cellular structures are ideal [39]. Exploiting the potential of lattice structures, this paper 
not only presents an experimental analysis of three innovative lattice designs suitable of 
delivering substantially lower elastic modulus, but also a road map of building full-scale lattice 
structure-based multiplication of unit cell (UC). 
As the exact requirements of the lattice are dependent on the precise application there was no 
outright measure of success. Rather the aim was to design a lattice that has elastic modulus 
lower compared to the bone equally across every surface at the same time mimicking the 
morphological shape of the bone. Hence the predictability and uniformity of strain and 
deformation in different lattice topologies are what is primarily being assessed. The primary 
target was to minimise stress shielding and match the shape of the bone replacement section. 
Bones are constantly rebuilt and remodelled throughout life in a complex physiological process 
[40]. The mineralised matrix is formed by cells in the marrow called osteoblasts and resorbed by 
other cells, osteoclasts. Osteocytes are in contact with other cells on the bone surfaces, and 
respond to changes in physical forces, maintaining the bone’s structure [41–43]. 
Accordingly, a full porous lattice structure design has been superimposed on the CT scan based 
digital model to demonstrate the ease of reshaping a simple lattice without disturbing the natural 
loading pattern. Further to this, experimental compression testing is performed to categorise the 
best design and to study the failure pattern. Finally, The scaffolds were examined using a 
scanning electron microscope (SEM) to visualise the surface roughness. The microstructure and 
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chemical composition of particle and the bonding material was investigated using Electron 
Diffraction X-ray (EDX) to quantify the variation in the elemental matrix. 
2. Materials and Methods 
2.1. Morphology based biomodel 
To obtain an accurate geometry of the tibial section, Laser Coordinate Measuring Machine 
(CMM) and Multiscale X-ray Computed Tomography (µCT) was used [44]. From an adult 
human tibia specimen, a 2.12 cm long section representative of a cancerous segment as shown 
in Fig. 1 was extracted. The section length is purely arbitrary and is representative of cases 
where autologous bone graft may be considered [15,45]. This was considered in order to make 
sure that scaffold developed can be used for bone growth analysis using bioreactors in the future. 
 
Fig. 1. Global tibia and the section considered for scaffold design. 
The bone section was scanned using an industrial CT scanner 2211 made by Bruker and x-ray 
image of the cross-section was taken rotating the sample from 0 to 360° at 5 step increments. 
The cross-sectional images were then stitched together to reconstruct the three-dimensional (3D) 
morphological data using ‘NRecon’ (Bruker). The resulting data was found to closely replicate 
the morphological shape of the sectioned bone. Accordingly, the CT data was filtered and 
converted into a digital editable model (Parasolid) using ‘CT-analyser’ to create the biomodel 
which was used as the foundation for the morphological volume for the scaffold design. 
2.2. Scaffold design 
The primary design requirement was that the scaffold features a significantly lower elastic 
modulus (E) in comparison to bulk Ti-6Al-4V ELI and performs closer to the stiffness of the 
tibia section under consideration. This is to avoid weakening of the bone and reducing the service 
life of both the bone and scaffold due to stress shielding and maladapted stress concentration. 
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and Cancellous bone (ECanc) from 0.02 to 0.5 GPa. Consequently, attempts have been made in 
this work to come up with a morphological lattice structure that behaves within the ECort 
spectrum. This is to ensure that the working stress is distributed evenly through stiffness 
matching and bone growth is promoted. 
Furthermore, for bone ingrowth requirements, pore size between 50 and 650 µm and porosity 
higher than 50% [30,31] along with manufacturing constraints (smallest nominal strut thickness 
of 200 µm) are required. Considering these key requirements, three different unit cell designs 
UCA, UCB and UCC are conceived as shown in Fig. 2. To satisfy the bone growth requirements, 
all the three lattices have been designed to have a volumetric porosity (
) greater than 50%, 
resulting in a measured relative density () of 0.36, 0.43 and 0.32 for UCA, UCB and UCC 
respectively. 
The high porosity allows space for bone ingrowth, blood flow and removal of broken bone cells 
[47]. More importantly, the expectation was to bring the stiffness of Ti-6Al-4V ELI significantly 
lower to match that of the bone. While the scaffold design was based on the criteria of lattice 
multiplication, the UC’s were designed considering the number of beams () and joints () to 
identify the type of dominate stress and to satisfy the Maxwell criterion as shown in Eqn. (1). 
Where,  ≤ 0 is bending dominated and  > 0 is stretch dominated [12]. 
 =  − 3 + 6 (1) 
 
Fig. 2. Unit cells considered for scaffold designs, where (a) shows the design UCA with a relative 
density of 0.36 (
 =63.63%), (b) shows UCB with a relative density 0.43 (
 =56.85%) and (c) shows 
design UCC with a relative density of and 0.32 (
 =67.99%). 
All the three UC’s were designed to have negative   to cope with the stresses that arise from 
the elastic strain of walking or running; the upper range in this case is taken as 2500 µε [48] for 
Section reference 
(a) (b) (c) 
UCA 









Page 6 of 26 
 
a worst-case scenario. Designing orthopaedic scaffolds using stretch-dominated cellular structures 
also allow to exploit both the topological advantages and to gain enhanced strength [49]. 
Using a linear regression algorithm, the scaffold designs mimicking the morphology of the bone 
was generated. Even though the X-ray µCT created a fine resolution volumetric data of the 
tibial section, for computational efficiency only the surface topography was extracted for the 
digital biomodel. This data was then compounded using multipoint splines to generate the 
topological curvature that mimics the surface morphology of the bone. 
A total of three scaffold designs namely SDA, SDB, and SDC featuring unit cells UCA, UCB, 
and UCC respectively were considered as shown in Fig. 3. As can be seen, all the designs closely 
mimic the bone morphology at the same time featuring a variety of pore sizes. Overall the highest 
design porosity was exhibited by SDA at 73.85% followed by SDC and SDB at 60.53% and 
55.26% respectively. Accordingly, all three designs comply with the initial condition of >50% 
required for bone growth. Nevertheless, a difference in porosity between the unit cell and scaffold 
design observed due to the morphological nature of the scaffold design. 
 
Fig. 3. Morphological Scaffold designs considered where (a) shows design SDA with a relative density 
of 0.26, (b) shows design SDB with a relative density of 0.45 and (c) shows SDC with a relative density 
of 0.39. 
2.3. Material selection and manufacturing 
All the three scaffolds were manufactured using the Renishaw healthcare-optimised AM250 (laser 
spot 60Oµm) system using Selective Laser Melting (SLM) at 20 µm thick layers. Biocompatible 
Ti-6Al-4V ELI grade 23 with a density of 4430 Kg/m3 (%) was the material of choice due to its 
high strength, low weight ratio and outstanding corrosion resistance. ELI stands for “Extra Low 
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1. These lower interstitials provide improved ductility and better fracture toughness for Ti-6Al-
4V material [50,51]. Ti-6Al-4V ELI is inherently stabilised as a mixture of BCC (*) and HCP 
(+) phases [52–54] with Yield strength ranging 930-795 MPa. While the manufacturers data 
sheet presented the Young’s modulus range between 102 and 118 GPa; inhouse tests resulted in 
modulus of 104.8 GPa (,%) for the bulk material. Accordingly, for biocompatibility, the 
materials must be inert in the body ‘in vivo’. While surface passivation in general is the primary 
mechanism by which contamination is prevented, the natural formation of oxide layers by Ti64 
ensures sufficient biocompatibility as discussed by Surmeneva et al. [55] and Bandyopadhyay et 
al. [56]. 
Table 1. Chemical composition for Ti-6Al-4V ELI used. 
Al V C Fe O N H Ti 
5.5-6.5% 3.5-4.5% <0.08% <0.25% <0.13% <0.05% <0.012% Balance 
The AM250 used for SLM belong to a class of powder bed fusion technology [57] as classified by 
ISO/ASTM 52900:2017 [58] featuring a Gaussian Beam continuous wave fibre laser of 200 W 
fitted with a beam splitter mechanism. The laser sintering of the material was conducted through 
an overhead laser system that modulates based on the process parameters such as laser exposure 
of 200 W, scan speed of 1200 mm/s, and a rotated - and . hatching strategy. After the first 
layer of powder has been processed, the build platform is lowered by one increment and another 
layer of powder is deposited on to the bed using a recoater at a dosing factor of 140%. The laser 
then melts the new layer of material fusing it with the previous layer and the process repeats. 
The Ti-6Al-4V ELI powder used for the production run was first atomised to obtain a nearly 
spherical shape within a size range of 10 to 45 µm. The resulting atomised powder was sieved at 
45 µm resulting in a near normal particle size distribution with a D50 (50% particle distribution) 
of 27 µm. A range of particle sizes is beneficial for SLM as it increases both the packing density 
and flowability of the powder, which is significant in obtaining a dense part. 
The laser melting was carried out using the contour-hatch strategy, where the 2D layer data 
from the CAD geometry was used to offset the melt-pool width for high geometrical accuracy. 
The contours were then traced by the laser followed by the hatch scans to fill the enclosed area. 
The contour scan diameter was set to match with the laser spot size to ensure further 
interpolative calculations were not necessary. This technique was found to deliver the most 
repeatable Ti-6Al-4V ELI parts with a 99.98% density irrespective of the struct thickness 
variation between the three unit-cells considered. SLM was conducted in an environment initially 
vacuumed and then backfilled with 99.995% pure Argon with an Oxygen content of ~0.1%. The 
build platform was heated to 35°C before the start of sintering and the whole process took 
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approximately 6 hours to build nine samples (3×3). Internal supports structures were not 
possible with the lattices due to the challenges associated with removing them [59]. To overcome 
this, a self-supporting diagonal build technique with external supports were adopted. 
The printed prototypes were sandblasted, and heat treated at 650O℃ for 3 hours under argon 
environment. While heat treatment does impact the mechanical properties, according to 
Vrancken et al. [60] its effect on the morphological parameters is negligible. Hence, the effect of 
heat treatment on the morphological parameters is disregarded. Following heat treatment, the 
specimens were removed from the 1 mm build plate support using submerged wire Electro-
Discharge Machining (EDM). 
2.4. Experimental Testing 
Compression tests were performed using a Zwick Roell Z1474 materials testing machine having 
a maximum load capacity of 100 kN as shown in Fig. 4. The physical tests were performed to 
investigate both the compressive performance of the three different scaffolds and the tibial bone 
to be replaced. BS EN ISO 7500-1 [61] was referred for the calibration and verification of the 
test setup. The test samples were loaded to failure through crosshead displacement at a rate of 
0.01 mm/s (12/14). 
 
Fig. 4. Compression rig used for the experimental test. 
A maximum load of 90 kN with a force shutdown threshold of 50% and maximum deformation 
of 4 mm was applied. A deformation-controlled load was applied to prevent the test from stalling 
at the elastic limit. Even though for biomedical application, the post-elastic behaviour is of 
insufficient significance [62], it was necessary to study the failure modes and the overall behaviour 
Sample 
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of the scaffolds. The threshold and deformation values ensured that the compression plates were 
restrained from colliding. Real-time force-displacement and stress-strain curves were obtained 
using effective contact surface area and length 21.2 mm. To reduce the error from misalignment, 
the rig used two photosensor cameras deployed to detect an accurate strain during compression 
by tracking two illuminated dots that has been attached to the specimen. This eliminated the 
error due to the interference of machine deflection from jaws and spindle with specimen strain 
resulting in a higher degree of confidence in the measurement. 
2.5. Chemical composition and microstructure characterisation 
The microstructure and chemical composition of particle and the bonding material was 
investigated using Electron Backscattered Diffraction (EBSD) and Electron Diffraction X-ray 
(EDX). Furthermore, the surface roughness of the scaffold resulting from SLM was evaluated 
using an Olympus LEXT OLS3100 confocal laser scanning microscope. 
3. Results 
3.1. Biomodel 
The 3D reconstruction of µCT data of the bone section that advised the global geometry of all 
the three scaffolds is shown in Fig. 5. The data shows the density gradient of the bone in a 
luminous weighted arbitrary scale from the X-ray absorption (+) data. The biomodel clearly 
capture the global topography of the bone which allows the scaffold to mimic the topographical 
morphology. Using the morphological biomodel the infill volume was computed to be 
4.24 × 10−6 73 (9%:;) for the bone section under consideration. The topological match allows 
for enhanced contact area between the scaffold and the host bone. Furthermore, the porosity 
data is beneficial for functional grading of the scaffolds to allow for enhanced stiffness matching. 
 
Fig. 5. Reconstructed µCT data of the tibia section weighted against an arbitrary opacity scale showing 
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3.2. Theoretical characterisation of the unit cell and scaffold design 
Comparing the design features of the unit cell, UCC exhibited the lowest and UCB the highest 
< with a maximum difference of 29.3% as listed in Table 2. While the relative density was a 
key variable for porosity, it was also crucial to analyse theoretical stiffness. This was done by 
evaluating the equivalent Young’s modulus (,=ℎ) using the Maxwell criterion, the results of 
which are also presented in Table 2. 
Table 2. Design properties associated with the unit cell and scaffold design. 
Property 
Unit Cell Scaffold Design 
UCA UCB UCC SDA SDB SDC 
Density (<) Kg/m
3 1611.37 1911.65 1417.87 1158.65 1982.10 1748.71 
Relative density (<) 0.36 0.43 0.32 0.26 0.45 0.39 
Porosity (
) % 63.63 56.85 67.99 73.85 55.26 60.53 
Young’s Modulus (,4ℎ ) Gpa 13.87 19.52 10.74 7.17 20.98 16.33 
Comparing the results, it can be seen that the theoretical stiffness is primarily influenced by the 
porosity of the lattice geometry. The highest Young’s modulus was exhibited by design UCB 
which has the lowest porosity and the opposite was true for the design UCC. Comparing this to 
the scaffold design, the lowest modulus was exhibited by the design SDA featuring the unit cell 
UCA as opposed to UCC. This is due to the morphological design of the scaffold preventing an 
asymmetrical distribution of the material. Accordingly, when it comes to the theoretical 
performance of the scaffold, SDA showed the lowest stiffness followed by SDC. Nevertheless, the 
elastic performance of all the scaffold designs was within the cortical bone spectrum of 3 to 30 
GPa. 
3.3. Additive manufacture and compressive behaviour 
The additively manufactured scaffolds using Ti-6Al-4V ELI is shown in Fig. 6. After visual 
inspection, X-ray µCT scan of the prototypes was carried out to ascertain the internal quality. 
The cross-sectional slices were stitched together, and an arbitrary colour contour based on X-
ray absorption was applied to show the density gradation (Fig. 7). On the arbitrary scale, the 
lowest colour grading represents fully porous and highest represents fully dense. 
As expected with SLM, a rough surface finish was created due to the stair-step effect that occurs 
during manufacturing represented as a porous outer layer in Fig. 7.  All cellular structures 
showed interconnected porosity, which is one of the key factors for tissue ingrowth. The average 
strut thickness of lattices varied between 100 μm (SFA) and 900 μm (SDC). 
Mechanical performance of the scaffold designs following the uniaxial compression tests are 
presented in Table 3. The representative stress-strain curves for the three scaffold designs are 
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shown in Fig. 8. Based on the experimental test data, the highest Young’s modulus (,@AB) was 
exhibited by SDB followed by SDC and SDA at 6.07, 5.42 and 5.09 GPa respectively. This trend 
was expected as SDA featured the lowest relative density of 0.26, followed by SDC and SDB at 
0.39 and 0.45 respectively. A similar trend was observed when it comes to bearing strength 
(CD@AB
), where SDA showed the lowest performance at 169 MPa and SDB the highest at 343 
MPa. This shows that the micro-architecture and the selection of unit cell has a significant 
impact on the bearing strength due to the morphological boundary requirements. 
 
Fig. 6. Additively manufactured Ti-6Al-4V ELI scaffolds. 
 
 
Fig. 7. Reconstructed μCT data of the sheathed scaffold weighted against an arbitrary opacity scale 
showing microporosity based on X-ray absorption (+). 
Comparison of these values indicates that all the scaffold designs have mechanical properties 
lower than the bone being replaced. From the stress-strain curve, three characteristic regions 
can be separated: elastic deformation region (up to the first peak value in the strain-stress curve); 
plateau region (region of almost constant stress); and a densification region(rapid increase in 
stress). In elastic regime under uniaxial stress (close to linear initial parts of the strain-stress 
curves) open-cell scaffolds deform primarily by bending of the struts. 
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Fig. 8. Experimental stress-strain curve for the scaffold designs in comparison with bone. 
 
Table 3. Mechanical performance of the scaffold designs. 
Property SDA SDB SDC Bone 
Young’s Modulus (,@AB) GPa 5.09 6.07 5.42 18.01 
Bearing strength (CD@AB
) MPa 169 343 280 140 
The region of the stress-strain curve plateau of the scaffold types SDB and SDC is serrated. 
While stress fluctuation in the plateau region is a typical characteristic of brittle cellular 
materials [63] lattices with low relative densities (~10–20%) can be deformed up to relatively 
large strains (~70–80%) before densification occurs [64]. Accordingly, the abrupt drop in stress 
for SDC is caused by the total mesh collapse following densification. It is clear that the 
morphology of the lattice structures influences the scaffold deformation character in a very 
pronounced way. 
Fig. 9 presents selected still frames from the video recorded during the uniaxial compression. 
Chosen frames correspond to the initial (almost not compressed) state; the moment of the first 
failure at 25%, 75%, and 100% plastic deformation. The SDA design that features small circular 
pores is mainly fracturing through the formation of crush bands (Fig. 9a). Moreover, these bands 
propagate along the directions different from the loading one. 
SDA also showed barrel-shaped bulging, that can be attributed to the increased lateral 
resistance. On the initial assessment of the failed sample shown in Fig. 9b, failure patterns 
resembling thin wall buckling are visible. However, failure occurred per lattice layer where two 
complete layers were deformed one after the other clearly captured in the stress-strain curve. 
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approximately 50%, this is expected to be due to the localised stress concentration of thin sharp 
sections. However, the failure is representative of a brittle classification. 
 
Fig. 9. Compressive deformation of the scaffold showing failure for (a) SDA, (b) SDB and (c) SDC. 
3.4. Chemical composition and microstructure 
The scaffolds were examined using a scanning electron microscope (SEM) to visualise the surface 
roughness of the top and sides as shown in Fig. 10. The top view shown in Fig. 10a show open 
pores that can provide perfect incubation of the osteoblast on the surface [65]. It is a known fact 
that rougher surfaces allow the bone cells to grip into the scaffold pores [66]. The side view of 
the surface in Fig. 10b shows the surface edge of the scaffold at 100 µm scale. 
The interconnectivity has multiple pores ranging from 96 to 125µm. As suggested by Faeda et 
al. [67] varying degrees of surface roughness can enhance bone adhesion and growth. From a 
manufacturing viewpoint, at scales of both 30 and 100µm, the surface appears to have no clear 
consistency or smooth edges as featured in the idealised CAD model. This is clearly a 
characteristic of the laser melting manufacturing process which, in this scenario, acts as a benefit 
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Fig. 10. SEM images of the scaffold surface (a) top view and (b) side view. 
 
Fig. 11. SEM image of the surface that shows the semi-molten Ti-6Al-4V ELI particle. 
The microstructure and chemical composition of particle and the bonding material was 
investigated using Electron Diffraction X-ray (EDX). The resulting elemental composition is 
listed in Table 4. There is a clear difference in the elemental composition (Al wt%) between the 
particle and the bonding material. This shows the requirement of further optimisation of the 
laser melting and heat treatment process parameter to ensure the redistribution of Al evenly 
across the surface. Nevertheless, this change has been observed on the surface only and there is 
no indication of any elemental composition or phase change of Al in the melted pool. 
Table 4. Elemental composition of the particle and bounded area obtained from EDX. 
Spectrum Al Ti V Total 
Bonding 0.93 93.88 5.19 100 
Particle 6.59 89.75 3.65 100 
Melted pool 6.00 90.02 4.00 100 
Std. deviation 0.08 0.12 0.06 - 
Max. 6.19 90.88 4.11 - 
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4. Discussion 
The use of porous scaffolds as bone substitutes for large segmental bone defect is hindered by 
the limited vascularisation, bone ingrowth, stress shielding and maladapted stress concentration 
[15,40,55,68]. In a previous study, the possibility of anatomical scaffolds featuring a sheathed 
design was proposed for possible stiffness matching and to mimic the structure of the bone [7]. 
However, it was found that a sheathed design was unfeasible due to limited vascularisation and 
the risk of infection due to avascular fluid build-up. In addition, tubular stents proposed in 
several earlier studies altered the natural loading pattern of the bone anatomical mismatch [69–
71]. Accordingly, it is evident that stress shielding, osseointegration, and maladapted stress 
concentration are still a challenging problem for bone scaffolds. 
In the study, three different porous scaffolds that mimics the global morphology of the bone 
being replaced is investigated. From Fig. 5, it is evident that the biomodel effectively capture 
the morphology of the bone allowing to preserve the natural stiffness grading along with an 
unaltered loading pattern. This is particularly important when it comes to maladapted stress 
concentration, an area which is widely unconsidered in many studies. 
The advancement in X-ray µCT scan and digital design prompted the research question whether 
a porous lattice could be combined with morphological grading for potential stiffness matching. 
Fig. 6 shows that the approach was successful as the scaffold closely resembles the profile of the 
bone being replaced allowing for enhanced contact area at the scaffold interface. However, 
morphing an ideal unit cell into the biomodel may not be the ideal approach as Fig. 7 shows 
open edges and thin sections as a result of the unsymmetrical cross-section. Nevertheless, the 
CT-scan data of the scaffolds shows uniform density with minimal variation across the solid 
struts. An added advantage was the significant porosity across the scaffold surface as a result of 
the selective laser melting manufacturing considered. The Maxwell criterion was used to predict 
the mechanical properties of the lattice structure as a design guideline. This was an important 
consideration, as the relative density of the unit cells further changed when morphed into the 
morphological volume. 
As listed in Table 2, the relative density of all the unit cells changed when morphed into the 
biomodel. The highest difference was exhibited when UCA was morphed into SDA 
(EFG
HIJ
⇒ LMG) where < changed from 0.36 to 0.26, a difference of 32%. The lowest variation 
was for EFN
HIJ
⇒ LMN at 5% followed by EFF
HIJ
⇒ LMF at 20%. This means that the theoretical 
performance of the unit cell predicted using Maxwell criteria is not an indication of the 
performance that can be exhibited from the final scaffold design. The resultant difference in the 
theoretical Young’s modulus followed a similar trend with the highest and lowest variation for 
UCA and UCB respectively. 
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The stiffness of bone depends on age and location within the body. Accordingly, the cortical 
bone’s modulus (E) falls within the spectrum of 3 to 30 GPa. In this study, the compression test 
on the segmented bone properties resulted in an experimental E value of 18.01 (Table 3) GPa. 
Accordingly, Young’s modulus of all the scaffold designs falls within the cortical bone spectrum 
for potential stiffness matching. However, the theoretical modulus at the design stage is 
speculated using the Maxwell criteria which is a function of the relative density and bulk material 
property alone. Consequently, the morphological influence on mechanical performance is not 
considered at the design stage. 
Significant efforts in literature are evident from Sing et al. [72–74], Calignano [75] and du Plessis 
et al. [76] on developing optimum process parameters for emerging Titanium-based alloys and 
bioprinting. Despite the ambiguity around the influence of part orientation and SLM process 
parameters [77], the lattice designs and dimensions considered in this study are within the 
optimal manufacturing range for SLM process considered in Ti-6Al-4V ELI. In most cases, a 
variation in mechanical performance is a result of the difference in density, porosity or 
microstructure. The X-Ray CT scan of the SLM manufactured scaffolds featuring the three-
lattice design shown in Fig. 7 demonstrates no density variation as a result of the SLM process. 
Furthermore, the laser spot and weld pool thickness associated with the SLM process are 
considerably small with respect to the lattice dimensions considered resulting in a highly dense 
(99.98%) part in all the three cases. In addition, the EDX analysis showed no variation in * 
phases or microstructure between the designs considered. 
From the experimental stress-strain curve shown in Fig. 8, it is clear that ,@AB between the 
scaffold are comparable despite the large difference in <. Comparing the elastic performance 
as shown in Table 3, the lowest stiffness was exhibited by SDA followed by SDC and SDB at a 
difference of 6% (SDA vs SDC) and 11% (SDC vs SDB) respectively. Comparing the 
experimental performance to the theoretical prediction, the closest performance was found for 
SDA at 5.09 GPa and 7.17 GPa respectively (32% difference) however, for the other designs the 
difference was significant. The results show that the Maxwell criteria significantly overestimates 
the E values due to its assumption on the asymmetric distribution of material within the lattice. 
This means that the irregular morphological nature of the geometry and the non-uniform lattice 
geometry cannot be approximated using this technique. Furthermore, the Maxwell criterion is 
purely based on relative density and assumes that the material is distributed evenly within the 
global structure. When comparing the performance, the worst agreement between the two 
methods was observed at the highest relative density. 
Young’s modulus of traditionally manufactured metallic scaffolds using Ti-6Al-4V are much 
higher at 114 GPa [12] and 104.8 GPa (,%) for ELI [78]. Thus, morphological scaffolds developed 
in this study revealed significantly decreased E values compared with fully dense alloys. This 
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leads to the reduction of stress-shielding and maladapted stress concentration between the 
scaffold and bone. In addition to a lower stiffness, the scaffold needs to be strong enough in 
terms of bearing strength to transfer the mechanical load without large deformation. The cortical 
and cancellous bones have bearing strengths of 100-230 MPa and 2-12 MPa respectively [79]. 
The experimental test carried out on the bone being replaced resulted in a bearing strength of 
approximately 140 MPa, which falls within the traditionally classified spectrum. In comparison, 
all scaffold designs performed above the bone section as shown in Fig. 8 and summarised in 
Table 3. Overall, SDA showed the most comparable performance at a difference of 18% followed 
by SDC and SDB. However, it can be noted that despite the very close Young’s modulus between 
the three scaffold designs, the bearing strength increased by 1.65 and 2 folds when SDA was 
compared to SDC and SDB respectively. This is due to the overall porosity (wt%) and the non-
uniform pore sizes featured in these designs. 
Even though all the designs exhibited lower stiffness properties and higher bearing strength than 
the bone being replaced, SDA is the most suitable as it satisfies also the bone growth 
requirement. Previous studies on optimising lattice designs show that cell penetration, bone 
ingrowth, vascularisation, and nutrient delivery is primarily dependent on pore size [47,80,81]. 
Even though the exact pore size for bone ingrowth still remains controversial, it has been shown 
that pore size 100 and 900 μm are highly effective in enabling bone ingrowth [82,83]. 
From the stress-strain curve, three characteristic regions can be separated as shown in Fig. 8. 
The region of the stress-strain curve plateau of SDB is slightly serrated which is a typical 
characteristic associated with brittle cellular materials [84]. The reason for this seems to be the 
hexagonal pore shape. The finding can be related to the observations of Heinl et al. [85] and 
Kadkhodapour et al. [5] who used Electron Beam Melting (EBM) to manufacture regular porous 
structures featuring diamond unit cell. In their work, the diamond structure with a porosity of 
81.1% exhibited significant serration and brittle like failure. Accordingly, it can be concluded 
that shapes such as diamond or hexagon featuring sharp corners with high porosity can lead to 
brittle behaviour in additively manufactured Ti-6Al-4V. Furthermore, for highly porous 
geometries, the pore shape primarily dictates the occurrence of stress serration. This observation 
can be related to Gorny et al. [86] and Merk et al. [87] where a brittle failure of Ti64 lattice 
structures under quasi-static compression was reported.  
For SDC, the abrupt drop in compressive stress is due to the total collapse of the wall section. 
Therefore, it is clear that the morphology of the overall structure in addition to the lattice shape 
must be considered in unison at the design stage of morphological scaffolds. The stress before 
the onset of strong plastic deformation for the scaffold type SDB is the highest primarily because 
of the lower porosity (55.26 wt%). However, no region of constant stress can be observed for 
neither SDB or SDC. For SDA, the stress in the plateau regime is almost horizontal showing 
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that the failure is slow and controlled by the layer deformation. In addition, SDA also satisfies 
the pore size requirement for effective bone growth. Accordingly, SDA can be considered the 
best scaffold design in terms of both stress behaviour, stiffness and bone ingrowth requirement. 
Fig. 9 shows that SDA is fracturing through the formation of crush bands experiencing bulging 
with sections splitting in radial direction typical of ductile failure. The 4-layer lattice SDB 
showed a complete failure of first and last layers as represented by the two peaks. The failure 
was representative of thin-walled failure as a result of the anatomical profile. The failure was 
also influenced by the uneven distribution of material when the unit cell was morphed into the 
morphological profile. SDC showed catastrophic failure due to localised stress concentration. 
Bearing strength and ductility of a scaffold critical to prevent a catastrophic failure that can 
occur in the event of an accidental overload or localised strain. However, they typically demand 
conflicting and even opposing approaches when it comes to materials and design. However, the 
results of SDA show that morphological cellular structures from Ti-6Al-4V ELI can provide a 
unique combination of high bearing strength and ductility. 
Fig. 10 shows loosely bonded and partially melted particles at the surfaces of the scaffold. Due 
to the powder bed fusion considered for the laser melting, granules from the surrounding powder 
bed are always present in the lattice structures [88,89]. This allows the creation of controlled 
rougher surfaces by controlling the particle size and shape of the powder bed. For bone scaffolds, 
rougher surfaces are often preferred for the bone cells to grip into the scaffold pores. It was found 
that the scaffolds presented have interconnected surface porosity ranging from 96 to 125µm. 
Furthermore, semi-molten Ti-6Al-4V ELI particles were also observed as shown in Fig. 11. As 
the titanium alloys feature vanadium and aluminium (despite the small quantity), the scaffold 
may have toxic effects as a result of leaching from the semi-molten particles [90]. Consequently, 
this aspect of the research needs further investigation to quantify the associated risk factor. 
Pore diameter and throat size play an important role in the effectiveness (rate) of bone ingrowth 
[91,92]. According to Yang et al. [93] and Zhang et al. [94], pore size and interconnectivity are 
key factors in optimising the flow of nutrients and waste, leading to better osseointegration. 
Warnke et al. [82] after studying Ti alloys from pore size ranging from 450 to 1200 μm found 
that there was thorough occlusion at 450 μm, and occlusion decreased with increase in pore sizes. 
No occlusion was observed in the samples that featured pore sizes between 900 and 1200 μm. 
Compare this to the performance of the scaffold presented in this study, SDA satisfies the 
requirement to prevent occlusion. Furthermore, the interconnected porosity throughout the 
scaffold means that the flow of nutrients and waste are not obstructed make it suitable for 
effective osteointegration. Furthermore, bone cells are anchorage-dependent [95] and it has been 
shown that for traditional porous scaffolds bone ingrowth is skewed at the corners. Accordingly, 
graded lattice structures are often recommended to preserve the natural loading pattern of the 
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bone [96,97]. Accordingly, the morphological scaffold proposed in this paper is superior in this 
aspect as it simulates a natural loading pattern. 
The EDX analysis (Table 4) revealed a difference in the Al composition between the particle 
and the bonding material. This shows the requirement of further optimisation of the laser melting 
and heat treatment process parameter to ensure the redistribution of Al evenly across the surface. 
This change has been observed on the surface only and there is no indication of any elemental 
composition or phase change of Al wt% in the melted pool. 
This work has investigated the compressive behaviour of laser melted Ti-6Al-4V ELI scaffolds 
by using an alternative morphological matched design methodology. From the results, the SDA 
has been proposed as the optimal design configuration. It is thought that this morphologically 
matched scaffold could potentially be utilised for segmental bone repair. This work has 
highlighted the use of SLM to produce more flexible and lightweight Ti-6Al-4V ELI scaffolds 
that could potentially assist in reducing stress shielding and therefore contribute to improving 
the longevity of bone repair scaffolds. Although further study is needed to optimise the design 
and stress distribution, the geometry and mechanical properties presented demonstrates the 
feasibility of porous morphological scaffolds. Consequently, the most important contributions of 
the current study are presenting a novel and unique fully porous design for the development of 
multi-layered metallic scaffolds that offers non-serrated (ductile) behaviour. 
5. Conclusion 
The study developed a unique multi-layered fully porous scaffold that mimics the 
morphology of the bone being replaced. The compressive behaviour of the scaffolds was 
investigated through uniaxial testing of prototypes manufactured using SLM and 
compared to the performance of the bone section being replaced. The results show that 
Extra Low Interstitial Ti-6Al-4V scaffolds featuring porosities of 55.26-73.85% exhibited 
bearing strength and Young’s modulus of 169-343 MPa and 5.09-6.07 GPa respectively. 
A performance significantly closer to the bone section that measured a bearing strength 
of 140 MPa and modulus of 18.01 GPa. Despite the morphological match, the study 
confirms that the design of the lattice cell determines the failure mechanism. The best 
scaffold prototype SDA deliver high strength (169 MPa) and low stiffness (5.09 GPa) in 
addition to the morphologically graded stiffness that can reduce stress shielding and 
maladapted stress concentration. Furthermore, the 73.85% porosity and ~900-1000 µm 
pore diameter meet the requirement for bone ingrowth. The design is fully porous and 
has clear passages and available space for blood circulation, and waste removal. The 
porous scaffold SDA together with bioactive and carrier materials for controlled drug 
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release has the potential to become a bone graft substitute providing an improvement 
to the existing state of the art scaffolds. 
Data availability 
The data that support the findings of this study are available from the corresponding author 
upon reasonable request. 
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